Abstract-The authors report on a novel application of a (2) nonlinear optical device as an ultrafast phase comparator, an essential element that allows an optoelectronic phase-locked loop to perform clock recovery of ultrahigh-speed optical time-division multiplexed (OTDM) signals. Particular interest is devoted to a quasi-phase-matching adhered-ridge-waveguide periodically poled lithium niobate (PPLN) device, which shows a sufficient high temporal resolution to resolve a 640 Gbits OTDM signal.
I. INTRODUCTION
A LTHOUGH current optical networks based on time-division multiplexing (TDM) are quite mature, the increasing demand on bandwidth to satisfy services, such as digital television, telephony, video on demand, and internet, requires upgrading of the transmission capacity of existing communication links. This implies that different functionalities such as clock recovery (CR) needed for demultiplexing or for channel adding-dropping, must also be upgraded. To carry it out, all-optical and optoelectronic techniques have been investigated; notably optoelectronic phase-locked loops (OEPLLs) by replacing the upfront phase comparator by a nonlinear optical device. Systems using four-wave mixing or crossgain modulation in semiconductor optical amplifiers (SOAs) [1] - [5] , electro-absorption modulators (EAM) [6] , [7] , two-photon absorption in a photodetector [8] , or passive mode-locked lasers [9] , [10] have been demonstrated. Recently, similar systems incorporating a quasiphase-matched (QPM) adhered-ridge-waveguide (ARW) periodically poled lithium niobate (PPLN) device, have shown an outstanding performance as well [11] - [13] . QPM waveguide devices based on PPLN have attracted much attention being tailored in order to demonstrate different applications, for example, blue/UV light generation, all-optical gates with arbitrary wavelength conversion [14] , [15] , monolithic optical time-division multiplexers (OTDM) [16] , [17] , and chromatic-dispersion compensation in longhaul division-wavelength dense multiplexing (DWDM) systems by means of phase conjugation [18] - [20] .
Due to the degraded nonlinearity and low stability for long-term operation in ordinary PPLN waveguides, ARWs in LiNbO have been studied in [21] , [22] . Their advantages as per [22] reside in the symmetric mode profiles and strong light confinement due to a step index profile. In addition, no degradation of the nonlinear coefficient or any photorefractive damage, which is mitigated by heating up the waveguide at lower temperatures than employed in conventional PPLN waveguides, is exhibited. Hence, a high conversion efficiency, low optical powers of operation, and stability using ARW in PPLN waveguide devices are obtained.
A recent explored application based on ARW-PPLN devices is that of a phase comparator in an OEPLL serving for determining the phase difference (time delay) between the envelopes of two optical signals. This information provided at the output of the phase comparator is further used for locking purposes in an OEPLL. Although experimental results have verified that a phase comparator based on ARW-PPLN devices exhibits no patterning effects and a sufficient high temporal resolution to resolve a 640 Gbit/s OTDM signal [12] , [13] , investigations on this application are not reported in the literature. In this paper, we present the experimental procedure employed for characterizing an optical phase comparator based on PPLN, including an explanation of the physical process behind its operation.
The content of the paper is structured as follows. Section II explains the principle of operation of an OEPLL and its dependence on a phase comparator to accomplish CR. Section III describes the physical process behind a phase comparator based on PPLN by an experimental demonstration on OTDM signals (in Section IV) at 160, 320, and 640 Gbit/s. In Section V, the phase comparator's sensitivity is derived and incorporated to a PLL transfer function to obtain that of an OEPLL. Finally, conclusions are drawn from the experimental results. 
II. PHASE DETECTOR IN THE OEPLL
The OEPLL used as a CR unit is represented schematically in Fig. 1 . It consists of a local optical clock driven by a voltagecontrolled oscillator (VCO), a phase comparator, a loop filter, and optionally an amplifier.
The aim of the system is to adjust the frequency and phase of the clock to maintain it at a desired value which corresponds to that of the frequency and phase of the input signal. The latter is coupled together with the local optical clock into the PPLN whose output connected to a silicon avalanche photodetector acts as a phase comparator [23] , thus generating an error signal as a function of the time delay (phase difference) between the envelopes of both signals. The optical clock consists of a tunable mode-locked laser (TMLL) generating optical pulses at the oscillation frequency of the VCO.
The low-pass filter reduces the amount of noise present in the error signal, damps the response of the OEPLL that copes with spurious changes in phase coming from its input, and sets the length requirements on the overall loop (acquisition time). When the desired value in the phase of the clock is attained, we say the clock is recovered or extracted.
III. PHASE COMPARATOR

A. Sum-Frequency Generation by Three-Wave-Mixing
In general, the phase-comparison task is carried out by electronic devices such as mixers or multipliers; however, CR of optical signals beyond 100 Gbit/s is currently not possible since electronics is not mature enough to function at these rates. Thus, optical techniques are preferred instead.
In the optical domain, optical frequencies can be mixed to generate new ones, like radio frequency (RF) mixers do in the electrical domain. This is possible by means of nonlinear optical processes such as three-wave-mixing (TWM) performed in media holding a nonlinear optical susceptibility of order 2,
. For example, the sum-frequency (SF) generation process, which consists in creating an optical frequency by the sum of two others, can be carried out in a PPLN waveguide by means of the QPM technique. This technique leads to a continuous buildup of the created optical frequency and provides a wide range of phase matching (tuning), thus allowing for interactions among any combination of wavelengths within the transparency range of the material employed.
In a PPLN device, the sign of the material's nonlinear coefficient is periodically reversed along an interaction distance in order to correct the phase mismatch between the interacting signals, which is caused by the dispersion in the LiNbO . This systematic phase-match correction allows for continuous buildup of the created signal. If uniform modulation along the waveguide is used, the period length will correspond to the wavelength where the PPLN performs second harmonic generation (SHG)-a special case of the SF-generation process where a single optical signal interacts with itself.
According to [24] , [25] , the power of the created optical signal by SF generation in a PPLN waveguide of length can be written as (1) where is the conversion efficiency independent of the length of waveguide, and and are the power of the interacting signals.
is reduced in the presence of a nonzero quasi-phase-matching condition (effective wave vector mismatch) given by . The variables and designate the phase-matching (PM) condition for the interacting signals in the medium and the wave vector associated with the modulated structure, respectively.
, and defines the wave vectors associated with the interacting signals in the SF-generation process and and , their respective indices of refraction and wavelengths. Finally, represents the period of the modulated structure which can be modified to a particular requirement in order to satisfy the condition [24] . By conservation of energy, , where , and are the optical frequencies of the interacting signals in the SF process must be satisfied. So the created optical signal, , matches
where and represent, respectively, in the remainder of the paper, the input signal and the optical clock in an OEPLL. Finally, will denote the wavelength of the error signal. Although PPLN is among the fastest optical signal processing devices available today, when involving modulated optical signals, it presents speed limits set by the group-velocity mismatch (GVM) between the fundamental harmonic (FH) and the SHG [26] , thus giving rise to the so-called effect of walkoff. That is, the SHG travels slower than the FH in the waveguide. The walkoff effect is of great importance, since the frequency components within the bandwidth of the optical envelops experience different group velocities, and the phase matching is partially achieved, resulting in a reduced SHG conversion efficiency and a distorted waveform of the generated signal.
Following the formalism employed in [27] , we study the effect of the GVM on the SF-generation process when modulated optical signals are involved. So, the frequency-domain envelope of the created optical signal (error signal) can be written as (3) with (4) where designates the detuning frequency from the nominal SF optical frequency , and the GVM parameter, where and are the group velocities for the input and the SF signal, respectively. The operator " " indicates that a convolution operation is performed. represents the transfer function of the PPLN waveguide that relates the spectrum of the SF envelope, represented by the variable , to the spectrum of the convolution between the frequency-domain envelopes of the input signal and the optical clock, designated by and , respectively. can be viewed as a filter acting on the spectral components of the interacting signals, since it only depends on the dispersive properties and on the modulated nonlinear coefficient of the medium. The width of this filter function, denoted by , depends on the GVM parameter and scales inversely to the length of the waveguide. For example, (4) is evaluated for a given GVM, ps/mm, and two different waveguide length values: mm and mm. A condition has also been assumed. As depicted in Fig. 2 , the width of the function is reduced by a factor of 2 as the length of the waveguide increases by the same factor.
B. Phase-Comparator Operation on OTDM Signals
The input to the OEPLL consists of an OTDM signal where multiple low-bit rate channels of data are interleaved in time to create an ultrahigh bit-rate channel whose repetition frequency, , is considered to be equal or close to times the running frequency of the optical clock, . In the remainder of this paper, the bit rate of an individual channel will be referred to as the base rate of the OTDM signal.
To perform a phase-comparison operation at the scale of , the th harmonic of the optical clock must be considered. To demonstrate this, we assume that both the optical clock and the data signal, being quasi-periodic, can be represented by their Fourier series, which can converge to a cosine series if the pulses are symmetrical. The data input and the optical clock time-domain amplitude-envelopes can be written as (5) (6) where and represent the amplitudes of the interacting signals, and and , their respective phases. and are the repetition frequencies and expressed in rad/s. designates the phase of an individual channel and ( and 2), a dimensionless scale factor to control the contrast of the modulations. Substituting the Fourier transforms of (5) and (6) in (3) we have that (7) where and . Assuming a QPM condition with and , and a photodetection bandwidth to several tens of MHz, we can verify that: 1) if there is a small offset between and the nearest harmonic of the clock signal (the power of the error signal) will bear a frequency component ; and 2) if the frequency detuning is null ; namely, will be constant with a varying magnitude in the function of the time delay between the input signal and the optical clock, as indicated by the phase term products and where . The oscillating terms at and , and those at and are filtered out. The equation describing the nonlinear transfer characteristics of a phase comparator for sinusoidally modulated inputs is given by (8) where and represent the phase difference between the envelopes of the interacting signals scaled to the repetition frequencies and , respectively. The variable designates the average optical power of the error signal, and is its modulation index (or contrast) whose magnitude depends not only on the power of the spectral lines of the interacting signals associated with the repetition frequency at which the phase-comparison operation takes place, but also on the conversion efficiency for a given . Finally, denotes higher order terms with coefficients much smaller than .
From (3), we observe that the filter function acts on the resulting low-frequency variation term. Depending on the parameter , linked to the PPLN device length, may or may not filter out the spectral line at the frequency detuning . For example, for mm, the maximum frequency detuning that can be passed through is GHz, whereas for mm, a GHz is allowed. In our particular case, the frequency variation of the error signal is lower than that, so that, the GVM is not an issue for this application.
Finally, the spectrum of (3), denoted by , is of the form (9) where represents .
IV. EXPERIMENTAL PHASE COMPARATOR
A. ARW-PPLN Device
In the experiments to be described, we have employed a fiberpigtailed and temperature-controlled ARW Mg-doped LiNbO device in a fiber-pigtailed module that will be referred to as ARW-PPLN in the remainder of the paper. At 25 C, its SHG phase-matching curve peaks at 1565 nm ( nm) with an approximately 1 nm bandwidth, as illustrated in its experimental SHG tuning curve in Fig. 3 . A second phase-matching peak is present at 1562.8 nm ( nm), whose presence could be due to some mechanical stress applied to the waveguide during the packaging process, resulting in a modification of the parameter in some region of the waveguide. The normalized SHG conversion efficiency attained is about 350% in contrast to 125% obtained in a 90 mm long bare chip used in the experiments described in [23] . The ARW dimensions are m width, m height, and 30 mm long with a structure period m. For more details about its construction, please refer to [22] .
The experimental wavelength range within which this particular device performs SHG, denoted by (the subscript stands for fundamental harmonic), goes approximately from 1561 to 1566 nm that is equivalent to a bandwidth of 620 GHz. Although this bandwidth is smaller than assigned for the interacting signals, the actual limitation on the phase comparator resides on the SF components that will be generated. Since SHG is a particular case of SF generation when the optical frequencies to be summed are equal, one must ensure that the central wavelengths of the data signal and optical clock are such that their SF wavelength matches . In other words, will take the same values as does in Fig. 3 , so now the wavelength ranges satisfying (2) are within the transparency range of the material from to m [24] , which are larger than 's range for SHG. The SF components must be limited to fall within a 1 nm window either at nm or at nm for maximum SF-generation conversion efficiency, otherwise no SF components will be generated.
To illustrate this, we refer to Fig. 4 taking as an example the particular case when the modulation frequency for the input signal is about 4 times that of the optical clock, in such a way, the harmonic at the modulation frequency of the former interacts with the 4th harmonic of the latter, producing a slight frequency detuning;
. In the figure, we can observe that the spectral components at and interact pairwise, generating their optical sum-frequency indicated in the gray region (the SF bandwidth of the PPLN); the central lines create an SF central peak at , whereas the lateral lines or harmonics of the respective modulation frequencies, denoted by and , where is the speed of light and ( and ) is the frequency range between harmonics, generate SF peaks around
. If the detuning frequency is reduced to zero, the generated peaks will be moved toward the central one, otherwise they will move away from it being attenuated by the filter function of the PPLN.
B. Error Signals
The experimental setup used to demonstrate the phase comparator operation is illustrated in Fig. 5 . The data signal is generated by an erbium-glass oscillator pulse-generating laser (ERGO-PGL) at 9.953175 GHz tuned to 1558.85 nm. The pulses are on-off-keying (OOK) modulated with a selected pseudorandom bit sequence (PRBS) and subsequently multiplexed up to 40 Gbit/s. Afterward, they are chirped, compressed, and multiplexed up again to reach 160, 320, and 640 Gbit/s. The optical clock tuned to 1565.9 nm, consists of 10 GHz pulses from a tunable mode-locked laser driven by a VCO. The pulses are then amplified by a semiconductor optical amplifier (SOA) and passed to a pulse compressor stage, based on soliton compression, in order to resolve the input-signal pulses. The input signal and the optical clock are coupled into the ARW-PPLN device, generating through SF, an error signal at a wavelength about 781.5 nm. The error signal, bearing information about the phase difference between the envelopes of the interacting signals, is detected by a silicon avalanche photodetector (APD). Fig. 6 shows experimental traces of the error signal produced by the phase comparator corresponding to different bit rates of the input signal. The error signals were normalized with respect to their average optical power . These traces can also be interpreted as the time correlation between the pulses of the input and the optical clock.
For the 160 Gbit/s and 320 Gbit/s experiments, the input and the optical clock pulses widths, measured with an optical correlator, were 1.8 ps at full width at half-maximum (FWHM) and 2.7 ps FWHM, respectively. In this case, the optical clock pulses were not compressed, and the PRBS selected for the data signal was . The respective average optical power injected into the ARW-PPLN device was 2.4 dBm for the input signal and 3.8 dBm for the optical clock.
As for the 640 Gbit/s experiment, the bit-rate limitation is determined by the pulse width of the optical clock and the temporal resolution intrinsic to the ARW-PPLN device. Thus, it was necessary to compress the pulses. For these bit rates, the pulses widths were 560 fs FWHM for the input data signal and 760 fs FWHM for the optical clock with an average optical power of 16.5 dBm and 4 dBm, respectively. The available dynamic power range for the data input signal in the experiment was about 18 dB. 16.5 dBm being the upper limit and 1.5 dBm the lower limit. The upper limit was imposed by the available amplification gain in the experiment.
The PRBS selected for the data input was . The error signal traces show that the pulses are well resolved, presenting a modulation index (contrast) about 80% for the 160 Gbit/s error signal case, whereas 20% and 10% for the 320 and 640 Gbit/s error signal cases, respectively. We believe this low contrast is caused by a contribution to the average optical power due to: 1) the SHG of the interacting signals within the range of 1561-1566 nm; 2) the SF generation among the different combinations of wavelengths between the interacting signals that match (2); and 3) the optical clock pulses pedestals, whose magnitude corresponds to about 20% of the pulse peak optical power (Fig. 7) . Although the modulation indices are relatively low when compared to the one obtained in the 160 Gbit/s error signal case, the error signals are suitable for the OEPLL to lock onto the data input signal.
C. Optical Spectra
As depicted in Fig. 8(a) , the spectrum of a 640 Gbit/s OTDM signal (black curve) traced alongside to that of the optical clock (gray curve), corresponds to the measured spectrum at the input of the ARW-PPLN device, whereas Fig. 8(b) illustrates the measured spectrum at its output.
Since the interacting signals hold a wide spectral content, the effect of SHG and SF generation produced by the interaction not only between the data input signal and the optical clock but also by the interacting signals with themselves is superposed on one another as illustrated in Fig. 8(b) where two regions, denoted by TWM1 and TWM2, represent each the combined effect. TWM1 represents the combined effect within the range between 780.5 and 782 nm, while TWM2 is within the range between 782 and 783 nm.
The peak at nm is produced by the interaction between the discrete spectral components at the central wavelengths of interacting signals. Their respective values, nm and nm when plugged into (2), verify the wavelength at which the peak is present. Moreover, we verify that the wavelengths of the discrete components corresponding to the spectral lines at 640 GHz ( nm to the central wavelength) of the interacting signals also contribute to the process of creation of the peak present in TWM1. Inserting the values of: i) nm/ nm; or ii) nm/ nm into (2), match the wavelength at which the peak is present.
Furthermore, if residual peaks at the spectral lines associated with the subharmonics of the 640 Gbit/s data signal are ever present, they will also participate in the peak-creation process in the TWM1 section only if the associated wavelengths with theses spectral lines match (2) . The peaks closer to 480 GHz ( nm to the central wavelength) and 160 GHz ( nm to the central wavelength) present in the input signal are due to irregular optical-phase correlation among the OTDM channels, which might have been produced by temperature drifts in the planar-lightwave circuit (PLC)-based OTDM multiplexer during measurements. On the other hand, the regularity of the error signal in the 640 Gbit/s configuration invites us to formulate the hypothesis that a reduction of residual peaks in the OTDM signal was achieved since the fundamental harmonic of the error signal in question is stronger than its subharmonic or higher harmonics.
Another additional property drawn from Fig. 8(b) is that no amplified spontaneous emission (ASE) is present given that TWM is a coherent process where the phase of the electrical fields match each other in order to interfere constructively and buildup a particular interaction.
D. Group-Velocity Mismatch
The GVM intrinsic to the ARW-PPLN device, estimated to be of the order of ps/mm, does not represent a critical issue for the pursued application because of the low-frequency variation of the error signal. In other words, if interest is paid in applications concerning wavelength conversion of short optical pulses to its SHG, the effect of walkoff between the pulses at FH and SHG must be considered. If it is not, this implies a reduced SHG efficiency, waveform distortion, and broadening of the generated pulses. So that, the GVM parameter sets the limit for the maximum allowed interaction distance over which the FH and SHG pulses walk off. The latter, known as group-velocity walk-off length [27] , , where is the FH pulse width, avoids successive SHG pulses overlap. For example, a pulse width of the order of 3 ps, typical for applications at 160 Gbit/s, requires the accumulated walkoff time to be limited to less than ps. Therefore, the maximum allowed interaction distance must be less than mm, otherwise SHG pulses longer than 6.25 ps will result. The device employed in our experiments holds an accumulated walkoff time of ps, a value which is large, for example, for SHG of a stream of optical pulses at 160 Gbit/s. On the other hand, the walkoff between the interacting signals and its SF generation at the frequency of the error signal is not considerably meaningful. Furthermore, since TWM is an ultrafast phenomenon, high resolution to resolve the pulses of a 640 Gbit/s OTDM signal, as shown in Fig. 6 , is exhibited.
According to [28] , [29] , it is possible to conceive ARW-PPLN devices with GVMs as low as 3 fs/mm by means of tailoring the off-diagonal nonlinear optical coefficient , which is translated into an enlargement of the PPLN tuning curve, allowing for wavelength conversion applications of optical short pulses beyond 160 Gbit/s. For a GVM of 3 fs/mm in a waveguide length of 15 mm, the PPLN tuning curve would reach the nm width.
V. OEPLL'S TRANSFER FUNCTION
The interest of the section is demonstrating how the phase comparator's sensitivity is derived and incorporated to the transfer function (TF) of a PLL in order to obtain that of an OEPLL. The modified TF can be used for performance assessment of the loop as a CR unit.
A. Phase Comparator Sensitivity
As indicated in several [30] - [33] , each element the PLL is composed of has an associated sensitivity that takes part in the gain of the loop; a parameter that helps us to quantify the loop bandwidth and the amount of phase noise transferred to its output (the recovered clock). Furthermore, when new elements replace the existing ones, their sensitivity must be derived in order to estimate such gain. For the phase comparator, the following procedure is applied.
As demonstrated in [30] , when the PLL is locked there is a relative phase difference of between the local oscillator and the input signal; the quadrature condition. Applying this argument to the OEPLL case, we can make the following substitutions: and , where is the phase at the output of the optical clock when both the phase quadrature and the locked condition are fulfilled, so (8) becomes (10) where we have neglected the higher order terms. The usable range, where the phase comparator operation is approximately linear, is limited to within about (Fig. 9) , yielding a phase detector range of . Thus, in this range of detection (10) becomes (11) where is the sensitivity of the APD given in units of V/W. To determine the phase comparator sensitivity, denoted by (in units of V/rad), we take the derivative of respect to , the phase error at the scale of the OTDM signal base rate, that is (12) where is the factor by which is scaled to be proportional to . In other words, since the output of the OEPLL consists of a synchronized signal of frequency , every change in its phase or frequency is scaled by in order to be proportional to the rate frequency at which the phase comparison takes place.
B. Overall Transfer Function
The filter was designed so that the OEPLL in question is described by a second-order TF. According to [30] , the OEPLL TF can be derived by using the diagram shown in Fig. 1 and by applying Laplace-domain analysis. The TF, denoted by , is thus given by (13) where , and designate the natural frequency (in rad/s), the damping coefficient (dimensionless) and the gain of the loop (in Hz), respectively. These parameters, related to the time constants of the filter and the gain of the loop, are used to describe the transient and steady state response of a feedback system [34] . For this particular system, these parameters are given by
where , and define the time constants and dc gain of the filter and amplifier, respectively. Finally, the variable represents the sensitivity associated with the VCO and the sensitivity associated with the phase comparator.
VI. CONCLUSION
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